Summary Two independent groups recently published data comparing pulsatile luteinizing hormone (LH) release between depressed and control women. did not. To resolve this discrepancy, the current study applies a single, well-established statistical method, spectral analysis, to the two data sets and concludes that both depressed populations display significantly altered LH pulsatile release. #
Introduction
Hypothalamic control of a variety of endocrine functions is impacted by major depressive disorder. Despite its potential clinical relevance, the least investigated is the hypothalamic-pituitaryovarian (HPO) axis. Releasing factors, trophic and steroid hormones and end organ receptors must be synchronized for normal ovulatory function. Luteinizing hormone (LH), a sensitive marker of HPO function, consistently exhibits a subcirchoral rhythm of pulse release (roughly every 65-85 min) in the follicular phase of normal menstruating women during daylight hours. This rhythm is not maintained in the luteal phase, when pulses are quite sparse and irregular (Johnson and Everitt, 2000) .
Recently, two independent research groups have examined the impact of depression on the pulsatile release of LH in premenopausal women. Despite similar populations and LH sampling frequency, their studies reached different conclusions. Young et al. (2000) found no differences in LH pulsatility between normal control and depressed women, whereas Meller et al. (1997 Meller et al. ( , 2001 found disruption of the normal subcirchoral rhythm in the depressed group. The purpose of this paper is to see if these discrepancies can be resolved by the application of a single statistical method, spectral analysis, to the two data sets.
Methods

Comparison of Young and Meller study designs and populations
Both studies recruited women of childbearing age. Depressed vs. control status was determined by a standard structured clinical interview (SCID for Young and SADS for Meller) . The inclusion and exclusion criteria were similar. Both studies excluded anyone on psychotropic medication or oral contraception and anyone with a current or recent history of alcohol or drug abuse. The depressed women could not be taking any antidepressant medication and could have no other axis I disorders.
The study designs differed in several respects. The Young study recruited women at all stages of the menstrual cycle. Depressed and control women were paired on the basis of age and day of period. The Meller study recruited only women in the early-to mid-follicular stage, two to seven days after commencement of menstrual bleeding. There was no additional pairing. Day of period was determined from participant report in both studies. In addition, the Young study used serial q30 min estradiol and progesterone to confirm the menstrual cycle phase, luteal or follicular. The Meller data set had 50 participants: 24 controls and 26 depressed. The Young data had 12 control depressed pairs in the follicular phase and 13 pairs in the luteal phase. Both studies sampled serum LH every 10 min. The Young study had a longer sampling period, 12 h from 09:00 to 20:50 h, obtaining 72 data points per participant. The Meller study sampled from 11:00 to 19:00 h, with 49 sample points per participant. Finally, the Young study assayed LH by chemiluminescence, whereas the Meller study used an enzymatic-immune assay.
Spectral analysis
The spectral analysis of a time series, such as the LH concentrations, measured at equally spaced intervals, partitions the series variability into harmonic components. These are sine waves, each with one of the Fourier frequencies. The Meller data (49 points) had 24 Fourier frequencies and the Young data (72 points) had 36 Fourier frequencies. A sinusoid with the kth Fourier frequency completes precisely k cycles in the time span of the data. So, in the Young data, these frequencies included 1/12 cycle per hour, 2/12 cycles per hour, etc. in equal increments up to three cycles per hour and in the Meller data, they were roughly 1/8 cycle per hour, 2/8 cycle per hour, up to three cycles per hour. Each Fourier frequency has an amplitude associated with it. Because the sum of the squared amplitudes equals that of the squared deviations from the data series' mean and so is proportional to the variance, each squared amplitude represents the amount of variation in the series attributable to a sinusoidal oscillation at the corresponding Fourier frequency. Spectral analysis results in a periodogram, a graph of the squared amplitudes against the Fourier frequencies, revealing which harmonic components predominate in the data. More detailed information on spectral analysis, both in general and for the LH data, can be found in Diggle's excellent monograph (Diggle, 1990) .
Following the recommendations of Murdoch et al. (1985 Murdoch et al. ( , 1989 , who pioneered spectral analysis for LH data, we computed the periodogram of each time series by the fast Fourier transform applied to the residuals from a regression of each LH time series on a quadratic polynomial on time, to remove any long term trend, and tapered by a split bell cosine taper (10%), to ameliorate the leakage problem (Bloomfield, 2000) . Each periodogram was scaled so that the sum of the components equaled 100%. Thus, each component represented the percentage of variance explained by that Fourier frequency.
The Young data were treated as two data sets: the luteal phase women were analyzed separately from the follicular phase women. For plotting, the geometric mean of the periodograms for each diagnostic group in each data set was computed and rescaled to sum to 100%. For testing differences in periodograms between diagnostic groups, we used rhythmicity indices as defined by Warner (1998) , the percentage of variance accounted for by a set of frequencies of interest, specified by the researcher. These were compared by t tests on the log scale. Paired t tests were used for the Young data, because of the paired design, and two group t tests for the Meller data. Despite the fact that the Young data set has roughly half as many subjects as the Meller data set and more Fourier frequencies (36 vs. 24), the two panels are similar. In both control mean periodograms, the most noticeable feature is a prominent peak in the subcirchoral region. In the Young data, it covers the Fourier frequencies corresponding to 0.75 and 0.833 cycles per hour, i.e. periods of 80 and 72 min. In the Meller data, the peak involves 0.73 and 0.86 cycles per hour, i.e. 81.67 and 70 min periods, essentially at the same place. In contrast, the depressed mean periodograms have no prominent peaks in the subcirchoral region in either data set. In the Young data, the rhythmicity index of the sum of the 0.75 and 0.833 cycles per hour harmonic components accounts for 15.0% of the variance in the controls on average, but 8.8% for the depressed (log scale paired t ¼ 2:40, df ¼ 11, p ¼ 0:035). In the Meller data, the rhythmicity index of the sum of the 0.75 and 0.833 cycles per hour harmonic components accounts for 25.9% of the variance of the controls on average, but 13.6% for the depressed (log scale t test ¼ 2:75, df ¼ 48, p ¼ 0:008). So in both data sets, the rhythmicity index accounts for nearly twice as much of the variance for the controls as for the depressed. Fig. 2 shows the geometric mean periodograms for the controls and depressed from Young's data. The controls have a single prominent peak at the second Fourier frequency, 0.167 cycles per hour (a 6 h period). The depressed have two lesser peaks of comparable size, one also at the second Fourier frequency and the other at the fifth, corresponding to 0.417 cycles per hour. Treating each of these frequencies as a rhythmicity index, we find that the second Fourier frequency accounts for 23.6% of the variance of the controls on average, but 12.6% for the depressed (log scale paired t test ¼ 2:17, df ¼ 12, p ¼ 0:051) and the fifth Fourier frequency accounts for 4.9% of the control variance, but 13.8% for the depressed (log scale paired t test ¼ 2:67, df ¼ 12, p ¼ 0:021).
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Discussion
Comparing data sets from independent researchers is important. This was possible for the Young and Meller follicular phase data. The well-documented subcirchoral rhythm was found in both normal controls, but was disrupted in both depressed samples. Statistically significant differences between depressed and controls were found in the subcirhoral rhythmicity indices in both data sets and visual examination of the periodograms suggests that the magnitude of the difference was quite similar. The luteal phase was available only in the Young data set. The small size of the data set and the post hoc nature of the rhythmicity Fig. 2 . Geometric mean periodograms of the Young luteal phase depressed and control groups, scaled to sum to 100% for each group, based on residuals from a quadratic polynomial on time with 10% cosine bell taper. Fig. 1 . Geometric mean periodograms of the Young (upper panel) and Meller (lower panel) follicular phase depressed and control groups, scaled to sum to 100% for each group, based on residuals from a quadratic polynomial on time with 10% cosine bell taper. The lower is reprinted from Meller et al. (2001) , with permission from Elsevier Science.
indices suggest caution. However, it is interesting to note that again we found statistically significant differences between the depressed and controls.
We can contrast the current findings with the original analyses of these data. The Young data were initially analyzed (Young et al., 2000) by a time series pulse detection algorithm, ''pulsefit'' (Kushler and Brown, 1991) , which looks for significant pulses in a background of noise and then characterizes them by summary statistics, including pulse frequency and mean amplitude. These analyses showed no significant differences between depressed and controls in any LH pulsatility measure except for LH half-life, which was shorter in the depressed participants. The Meller data were also analyzed by a pulse detection algorithm, ''cluster'' (Veldhuis and Johnson, 1986) . Statistically significant differences were found in pulse frequency and the standard deviation of pulse amplitude, but only for one of three parameter settings (Grambsch et al., 2002) . In contrast to pulse detection algorithms which work in the time domain, spectral analyses are frequency domain analyses and appear to be more sensitive in detecting abnormal rhythms in LH pulsatility, as found in this analysis. Furthermore, the source of these rhythms is brain systems; so frequency domain methods may better reflect abnormalities in the brain systems controlling the HPO axis in depression.
This comparative reanalysis suggests that major depressive disorder disrupts LH pulsatility in the follicular phase of the menstrual cycle and provides evidence that it may do so in the luteal phase as well. Abnormal control of LH pulsatile release has important implications at all levels of the HPO axis. LH pulsatility is highly correlated with hypothalamic release of GNRH (Clark and Cummins, 1982; Moenter et al., 1993) , which must be maintained within narrow limits for normal HPO functioning (Filicori et al., 1993) . Remarkably, pituitary tropic cells respond to high frequency GNRH pulsatility with increased synthesis of the beta subunit of LH, while slower frequency GNRH favors the synthesis of beta FSH (Schwartz, 2000) . LH itself must be closely regulated for normal ovarian function. Quintal-Franco et al. (1999) have shown that theca, granulosa, and luteal cells require optimally regulated LH pulsatility for normal corpus luteum structure and function; Duffy et al. (2000) have discovered that LH frequency influences the expression of estrogen receptors. Because LH and FSH pulsatility are both regulated by GNRH and are highly correlated, these data suggest possible FSH abnormalities which could impair folliculogenesis (Kooistra and Okkens, 2001) . Therefore, disruption of LH pulsatility has the potential for disturbing a wide variety of HPO functions.
In fact, the original Young data analysis (Young et al., 2000) found significantly decreased levels of estradiol in the follicular phase of the depressed; this decrease may have resulted from the disruption of the follicular subcirchoral rhythm.
